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Abstract Ssn6, a yeast protein that comprises 10 tandem
tetratricopeptide repeat (TPR) motifs, associates with Tup1
repressor protein and acts as a transcriptional corepressor. In
this report we identify point mutations in the TPR1 of Ssn6 that
disrupt Tup1 interaction. Furthermore, we construct a 3D model
of the TPR domain of Ssn6, which is responsible for Tup1
binding, based on the known structure of protein phosphatase 5.
According to this model all selected mutations reduce the ability
of Ssn6 to interact with Tup1 by affecting the structural integrity
of TPR1 and/or the correct spatial arrangement of TPR1
relative to TPR2 and TPR3.
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1. Introduction
Ssn6 and Tup1, two physically associated proteins, repress
the transcription of a diverse set of genes in Saccharomyces
cerevisiae cells [1]. The Ssn6^Tup1 complex, which does not
bind DNA directly, is recruited to di¡erent promoters via
interactions with pathway-speci¢c DNA binding repressor
proteins. These protein^protein interactions are predomi-
nantly mediated by Ssn6, while the transcriptional repression
function is performed by a speci¢c domain of Tup1 [2]. Ssn6
does not possess repression activity, in contrast it can activate
transcription in the absence of Tup1 [3].
The Ssn6 protein contains 10 copies of a 34 amino acid
sequence motif which is known as tetratricopeptide repeat
(TPR). TPR motifs have been found in a wide variety of
proteins of all organisms ^ including humans ^ and are known
to mediate protein^protein interactions ([4,5] and references
therein). TPR1 to TPR3 of Ssn6 are known to be responsible
for Tup1 binding, whereas combinations of TPR4 to TPR10
mediate interactions with di¡erent repressor proteins speci¢c
for each gene family regulated by the Ssn6^Tup1 complex [2].
Recently, members of the Groucho/transducin-like enhancer
of split (TLE) family ^ which is functionally related to Tup1 ^
have been shown to interact with Ssn6 and the mammalian
TPR containing protein, UTY/X [6]. These ¢ndings suggest
that repression mechanisms mediated via TPR^non-TPR pro-
tein complexes may be evolutionarily conserved.
Apart from transcription, TPR containing proteins play an
important role in a wide variety of cellular functions ([5] and
references therein) including viral infection [7^10] and genetic
diseases such as Down [11] and Williams syndromes [12]. The
majority of TPR containing proteins have been found as
members of protein complexes mediated by their TPR do-
mains. The involvement of the TPR motif in protein^protein
interactions and the functional diversity and importance of
TPR containing proteins suggest that TPR motifs may repre-
sent an ancient general protein^protein interaction module
adopted by functionally di¡erent proteins and adapted for
speci¢c functions [5]. However, questions such as: are there
any particular residues which determine the speci¢city of
TPRs to di¡erent target proteins? are still open.
TPR motifs are characterized by a consensus sequence pat-
tern of small and large hydrophobic residues. The protein
sequence similarity and biochemical properties of TPR con-
taining proteins suggest that TPR repeats may fold into a
similar tertiary structure [13]. The crystal structure of the hu-
man protein phosphatase 5 (Pp5), the only TPR containing
protein with known structure so far, has revealed that each
TPR motif folds in a pair of antiparallel K-helices [14]. Helices
of adjacent TPR repeats are arranged in such a way as to
form a right-handed super-helical conformation. This confor-
mation yields the formation of a channel which has been
proposed to be responsible for the accommodation of the
non-TPR counterparts in TPR-mediated protein complexes.
The number of simultaneous interactions of TPR proteins
with di¡erent target proteins depends, according to this mod-
el, on the number of TPR motifs and, hence, the size of the
created groove [14]. However, the role of individual TPR mo-
tifs and speci¢c residues therein remains to be elucidated.
In this report we identify, by random mutagenesis work,
speci¢c residues within the TPRs of Ssn6, which are respon-
sible for its interaction with the Tup1 repressor. In order to
analyze the role of each selected mutation we also produced a
model of the three-dimensional structure of the TPR domain
of Ssn6 which is involved in Tup1 binding and comprises
TPR1 to TPR3. The crystal structure of Pp5 (PDB entry:
1A17) was used as a template for this purpose.
2. Materials and methods
2.1. Yeast strains and cultures
The yeast strain FT5, a derivative of FY105 [15], was used for all
the in vivo experiments. SC containing the required amino acids and
YPD standard synthetic media were used for yeast cultures. For in
vivo selection of mutated LexA TPR clones that derepressed HIS3
gene transcription minimal media were supplemented with 3-amino-
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triazole (3-AT), a competitive inhibitor of the His3 enzymatic activity,
at a concentration of 10 mM.
2.2. Plasmids, random mutagenesis and two-hybrid assays
Plasmids expressing LexA-fused TPR1, TPR2 and TPR3 (LexA^
TPR1^3) or the entire TPR domain (LexA^TPR), and reporter plas-
mids expressing LacZ (JK103) or HIS3 (lop-HIS3) have been de-
scribed previously [15]. LexA^TPR1^3 hybrids carrying point muta-
tions in TPR1 were constructed by inserting the SmaI^BstXI
fragments (TPR1 to TPR3) from the respective LexA^TPR mutant
clones into the SmaI^NcoI sites of the YCp91-LexA vector [15].
The DNA sequence encoding the TPR domain was mutagenized as
previously described [16] and cloned into the SmaI and NcoI sites of
the YCp91-LexA vector. A mutant collection with a complexity of
V10 000 clones and mutation frequency V2% transformed into the
FT5 yeast strain containing the lop-HIS3 reporter gene in place of the
wild-type HIS3 locus. Yeast colonies grown on Min-3AT plates were
puri¢ed and the LexA^TPR encoding plasmids were rescued and se-
quenced.
Two-hybrid interaction assays were performed as described previ-
ously [15] using plasmids expressing various LexA^TPR derivatives
along with either Tup1^VP16 (a hybrid containing the Ssn6 interac-
tion domain of Tup1, residues 1^72, fused to the potent activation
domain of VP16) or the Tup1 control protein (residues 1^72).
2.3. Molecular modeling
The 3D model of the three N-terminal TPRs of Ssn6 (TPR1^3) is
based on the 2.5 Aî resolution crystal structure of the TPR domain of
human protein Ser/Thr phosphatase Pp5 [14]. Pp5 is the only TPR
containing protein with known structure, so far. The sequences of
TPR1^3 of Ssn6 and of the TPR domain of Pp5 were aligned against
each other with the BESTFIT program of the GCG package [17]. A
graphical output of the alignment is shown in Fig. 1.
The above alignment and the coordinates of Pp5 (PDB entry:
1A17) as a template were used within the program MODELLER
[18] in order to obtain an initial model of the Tup1 binding domain
of Ssn6. The structure was subsequently energy-minimized using X-
PLOR 3.1 [19] and the parameters of Engh and Huber [20] as re-
straints. Charges of all net charged groups were removed and a di-
electric constant O= 20 was used. The stereochemical quality of the
¢nal model was assessed using the PROCHECK suite of programs
[21].
2.4. Electrostatic calculations
As one method to ¢nd possible protein^protein interaction sites of
Ssn6 with Tup1 we performed an analysis of the electrostatic potential
of the Ssn6 model. The isopotential surfaces were calculated using the
program GRASP [22] with the following parameters: a probe param-
eter of 1.4 Aî , an ion exclusion layer of 2 Aî , a salt concentration of
0 M, standard van der Waals radii, a solvent dielectric of 80 and a
solute dielectric of 2.
3. Results and discussion
3.1. Speci¢c point mutations within TPR1 prevent interaction
with Tup1
When bound to a promoter via the DNA binding domain
of the bacterial LexA protein, a LexA^TPR hybrid associates
with Tup1 and represses transcription. However, in the ab-
sence of Tup1, e.g. in a tup1v yeast strain, the Ssn6 TPR
domain does not repress, but in fact activates transcription
[3,15]. In order to identify speci¢c TPR amino acid residues
that are important for Tup1 interaction, we looked for mu-
tants that were unable to repress transcription even in the
presence of the Tup1 protein.
A LexA^TPR encoding plasmid was randomly mutagenized
and was expressed in a wild-type (TUP1) yeast strain in which
the HIS3 gene is transcribed under the control of a LexA
operator (see Section 2). In contrast to the wild-type LexA^
TPR, which interacts with Tup1 and inhibits HIS3 gene tran-
scription, ¢ve independent LexA^TPR mutant clones permit-
ted expression of the HIS3 gene and supported cell growth in
histidine-depleted media (Fig. 2A,B). Interestingly, sequencing
analysis revealed that all ¢ve mutations map within the ¢rst
N-terminal TPR motif of Ssn6, known to be essential for
Tup1 interaction [2]. The residues that correspond to disrup-
tive mutations are indicated with asterisks in Fig. 1.
Of the ¢ve selected mutations only two (A53V and P77L)
correspond to consensus TPR motif residues: mutation A53V
changes the TPR consensus alanine 53 (TPR position 8) to a
valine, while P77L mutation replaces the consensus proline 77
by a leucine. Mutations at TPR consensus position 8 in other
TPR containing proteins also result in a disruption of their
function [23^25]. Two mutations (A68T and A68V) change
the non-consensus TPR motif alanine 68 to a threonine and
Fig. 1. Sequence alignment of the three N-terminal TPRs of Ssn6
with the TPR domain of Pp5. Consensus TPR motif residues are
shown in black and gray background for large and small hydropho-
bic residues, respectively. The consensus proline is shown in bold.
Residues that correspond to disruptive mutations are indicated with
asterisks.
Fig. 2. A: Schematic representation of the selection scheme that
was used (see text for details). TPR*: mutated TPR molecules im-
paired for Tup1 interaction. B: Growth of yeast strains expressing
the HIS3 gene under the control of various LexA^TPR hybrids.
Wild-type (WT) LexA^TPR and its derivatives carrying the indi-
cated point mutation were transformed into a TUP1 yeast strain
that expresses the HIS3 gene under the control of a LexA operator
and incubated in media that either lack (3His) or contain (+His)
histidine for 2 and 4 days, respectively. In contrast to wild-type
LexA^TPR, mutant derivatives defective for Tup1 interaction and
repression of HIS3 transcription support cell growth in histidine-de-
pleted media.
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a valine, respectively. Finally, the T58P mutation changes a
non-conserved threonine to a proline residue.
We employed an in vivo two-hybrid assay in order to con-
¢rm that these mutations disrupt the interaction between
TPRs and Tup1. As has been previously shown [15], LexA^
TPR1^3, a molecule that contains the ¢rst three N-terminal
TPRs of Ssn6, activated transcription 65-fold when expressed
in vivo along with a Tup1^VP16 hybrid molecule (see Section
2), indicating that TPR1^3 interact with Tup1. However,
LexA^TPR1^3 hybrids carrying either one of the above listed
point mutations in TPR1 activated transcription at a much
lower level when combined with the Tup1^VP16 hybrid (Ta-
ble 1). P77L and A68V had the most severe e¡ect, activating
transcription only 1.5-and 0.8-fold, respectively. A68T and
A53V activated transcription 8- and 5-fold, respectively, while
T58P had the least severe e¡ect activating transcription 18-
fold. Thus, all ¢ve TPR1 mutations either weaken or com-
pletely prevent interaction with the Tup1 protein.
3.2. The 3D model
The 3D model of the TPR1^3 domain of Ssn6 is shown in
Fig. 3. The Ramachandran plot for the ¢nal model is within
the acceptable range for structures at 2.5 Aî with no outliers:
91.2% of the residues are located in the most energetically
Fig. 3. Ribbon model of the three N-terminal TPRs of Ssn6 which are responsible for Tup1 binding. TPR1, TPR2 and TPR3 are colored in
yellow, green and blue, respectively. Residues corresponding to disruptive mutations are labelled and depicted as balls-and-sticks. The ¢gure
was drawn using the MOLSCRIPT [32] and RASTER3D [33] programs.
Fig. 4. Electrostatic isopotential surfaces calculated upon the 3D model of the TPR1^3 domain of Ssn6 showing that the created groove is not
amphipathic and the highly hydrophobic character of helix A of TPR1. The ¢gure was drawn using the GRASP program [22], color-coded on
the surface from blue (12 kT/e) to red (311 kT/e).
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favored regions and the rest, 8.8%, in additionally allowed
regions. All other PROCHECK stereochemical criteria are
acceptable and correspond to a very high quality model.
As in Pp5, each TPR motif is composed of a pair of anti-
parallel K-helices (helix A and helix B) with a crossing angle
of V24‡. The TPRs pack against each other in a similar
arrangement to that of the helices within each TPR domain
(Fig. 3). This regular repeat of K-helices yields to a right-
handed super-helical conformation which, as in Pp5 [14], cre-
ates a channel. However, and in contrast to the groove cre-
ated by the TPRs of Pp5, this channel in Ssn6 is not amphi-
pathic (shown by the electrostatic isopotential surfaces
calculated upon the 3D model (Fig. 4)). Furthermore, in all
three TPRs the A helices, which form the surface of the chan-
nel, are more hydrophobic than the equivalent helices in the
case of Pp5 [14] with helix A of TPR1 being the most hydro-
phobic one.
3.3. Disruptive mutations a¡ect the structural integrity of the
TPR1 to TPR3 domain of Ssn6
We used the 3D model of the TPR domain of Ssn6 respon-
sible for Tup1 binding in order to elucidate the role of each
particular residue in the formation of the Ssn6^Tup1 complex.
Residues which correspond to disruptive mutations are la-
beled and depicted as balls-and-sticks on the 3D model shown
in Fig. 3.
The correct packing of the helices within TPRs was sug-
gested to be very important for the function of other TPR
containing proteins [14]. In the 3D model, Ala-53 is located at
the position of closest contact between helices A and B of
TPR1 and corresponds to TPR consensus position 8. Muta-
tion of this particular residue would result in an incorrect
packing of the helices within TPR1.
Proline 77 is a consensus TPR motif residue and in the 3D
model it is located at the interface between TPR1 and TPR2
(Fig. 3). It is known that proline causes a V20‡ change in the
direction of the polypeptide chain due to breakage of intra-
chain hydrogen bonds. Mutation of proline 77 most probably
changes the relative positioning of TPR1 and TPR2 and dis-
rupts the overall structure of this domain required for Tup1
binding.
Residue Ala-68 is located on helix B of TPR1 with its CL
atom in a position very close to the neighboring helix A.
Substitution of Ala-68 by valine, a residue whose side chain
is only allowed in the trans conformation on K-helices [26],
would introduce steric hindrance e¡ects. This, as in the case of
the A53V mutation, would also result in a severe disruption of
the correct packing of helices A and B within TPR1. On the
other hand, replacement of Ala-68 by threonine (A68T muta-
tion) may have less destabilizing e¡ects than valine due to the
ability of the hydroxyl group of threonine to form a shared
hydrogen bond with the helical backbone, as was also pro-
posed in other studies [27].
Finally, mutation T58P changes a non-consensus threonine
to a proline. In the 3D model residue 58 is located at the C-
terminus of helix A (Fig. 3) and more speci¢cally two posi-
tions before its C-cap. Proline, in general, causes a helix break
one or two residues before its actual occurrence induced by
steric hindrance e¡ects from its ring. This results in a disrup-
tion of hydrogen bonds in the last turn of helices. Among
1131 helices found in 205 non-homologous proteins deter-
mined at high resolution, this position was never occupied
by a proline suggesting that hydrogen bonds in the last turn
of a helix are essential for its stability [28]. In the case of Ssn6
shortening of helix A by one turn, induced by the introduction
of a proline at position 58, could result in a reduction of the
interface surface between helices A and B of TPR1. However,
the rest of helix A is expected to remain intact explaining why
the e¡ect of this mutation is not so dramatic.
Interestingly all ¢ve mutations of Ssn6 that disrupt its asso-
ciation with Tup1 are located in TPR1 although it is known
that TPR2 and TPR3 are also necessary and essential for
Tup1 binding. It is also known that only one molecule of
Ssn6 [29,30] is necessary for the formation of the Ssn6^Tup1
complex. These ¢ndings in conjunction with the hydrophobic
character of the groove contradict the model for the associa-
tion of TPR proteins with their non-TPR counterparts, pro-
posed by Das et al. [14]. According to this model ¢ve to six
TPR motifs and the inside surface of the created super-helix
would be needed for this interaction. However, this does not
seem to be the case for the Ssn6^Tup1 complex.
Our results can be summarized as follows:
1. The structural integrity of TPR1 of Ssn6 and its correct
spatial arrangement relative to TPR2 and TPR3 are essen-
tial for Tup1 binding. These latter two TPRs probably
provide the structural framework to present TPR1 e¡ec-
tively to Tup1.
2. No speci¢c residue is responsible for direct binding to
Tup1 via electrostatic interaction. The interaction of Ssn6
and Tup1 has a rather hydrophobic character. This obser-
vation is in agreement with mutagenesis work on Tup1,
which showed that mutation of a hydrophobic residue
(Leu-62) yielded a disruption of Ssn6 binding [31].
3. The interaction of Ssn6 with Tup1 does not seem likely to
be performed via the groove created by the three tandemly
arranged TPRs of Ssn6. The way Tup1 interacts in space
with Ssn6 remains to be elucidated. Only the three-dimen-
sional structure of the Ssn6^Tup1 complex will help in
understanding the mechanism of this particular interaction.
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Table 1
Two-hybrid assays for Ssn6^Tup1 interaction
LexA hybrid L-Galactosidase activity Fold activation
Tup1 Tup1^VP16
WT 2.0 130.0 65.0
A53V 1.6 8.0 5.0
T58P 1.2 22.0 18.0
A68V 1.2 1.0 0.8
A68T 2.2 18.0 8.0
P77L 1.0 1.5 1.5
L-Galactosidase activity from yeast cells expressing the indicated
LexA^TPR hybrids along with either Tup1 or with the Tup1^VP16
hybrid protein. The LacZ reporter gene (JK103) is transcribed by a
promoter that contains four LexA binding sites upstream of the
GAL1 TATA element. For each LexA^TPR hybrid, ‘fold activation’
represents the strength of interaction with Tup1 and is expressed as
the ratio of L-galactosidase activities obtained from cells expressing
Tup1^VP16 versus those expressing a control Tup1 protein.
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